on an ABI PRISM ® 3500xL Genetic Analyzer (Applied Biosystems) and were analyzed using GeneMapper ® ID v. 1.4 software (Applied Biosystems), following the manufacturer's protocol. Control DNA 007 or 9948 provided in the kits was genotyped as a standard reference.
To confirm the alleles falling outside of the marker size range, additional singleplex PCR was performed to amplify DYF387S1, DYS533, DYS447, and DYS19 loci, and sequencing analyses of the long alleles of DYF387S1 and DYS447 were performed by AGCU ScienTech Inc.
The father-son biological relationship was confirmed by the finding of 38 autosomal STRs with paternity index values above 100,000.
results and dIscussIon
Two father-son pairs showed a null allele at the smaller size locus and a duplicated allele at the larger neighboring locus. In the first pair, the rare type of Y-STR was observed by the Yfiler ® Plus PCR Amplification Kit. Thus, at locus DYF387S1, there were no alleles detected within the marker range of this locus. However, the neighboring locus DYS533 carried two alleles labeled as 12 and off-ladder (OL, as defined by GeneMapper™ ID software) [ Figure 1 ]. Similarly, the second pair did not show the Y-allele at locus DYS447 with the AGCU Y24 STR Kit, and two duplicated alleles labeled as 14 and OL were observed at the adjacent locus DYS19 [ Figure 2 ].
There are two possibilities to explain these observations. The first is that the null type and the duplication are independent events. The null type is the result of mutations of primer binding sites, and duplication at the nearby Y-STR loci is generated by replication. The second explanation is that the "null allele" is a very long allele, and allele OL at the duplicated loci is from the null-type allele. The results of singleplex PCR and sequencing confirmed the second explanation. In the first father-son pair, an allele with a size of 358.08 bp was amplified with DYF387S1 primers and was located within the allelic size range of DYS533. In contrast, the locus DYS533 only showed one single allele (allele 12) in the marker size range of DYS533 [ Figure 3a ]. In addition, the sequencing results showed that at locus DYS387S1, allele 50 appeared with the repeat structure of [AAAG] 3 GTAG[GAAG] 4 [AAAG] 2 GAAG [AAAG] 2 [GAAG] 11 [AAAG] 15 [GAAG] 11 . These results prove that the OL peak represents a real DYF387S1 allele. A similar result was observed in the second father-son pair [ Figure 3a ]. In the allelic range of DYS19, only one allele sized 272.35 bp was amplified with singleplex DYS447 primers, and a single allele peak was shown in the size range of DYS19 [ Figure 3b ]. The genotype at DYS19 in the second pair was further confirmed by Yfiler ® Plus PCR Amplification Kit [ Figure S1 ]. The sequencing result of the DYS447 locus confirmed allele 41 with the repeat structure of [TAATA] 6 [TAAAA] 1 [TAATA] 12 [TAAAA] 1 [TAATA] 12 [TAAAA] 1 [TAATA] 8 . The OL peak that appeared in the range of DYS19 represents a real DYS447 allele. Therefore, the long "null alleles" at DYF387S1 and DYS447 should be allele 50 and allele 41, respectively, designated by the number of repeats. [7] Both loci were located far outside the common allelic ladder ranges of 33-42 (DYF387S1) and 18-30 (DYS447) of the multiplex STR typing kits.
Extremely long alleles have been observed at several other autosomal STR loci, such as SE33, [8] D3S1358, [5] D21S11, [3] D2S1338, and D19S433. [6] The long alleles can result from the variant allele consisting of a large number of repeat units. [3, 5, 6] A similar sequence pattern also occurred in the current two cases. Since the two long alleles went beyond the longest allele of the allelic ladder and very few intermediate alleles have been observed at DYF387S1 and DYS447 loci, the allele variants may arise from the Y-intrachromosomal nonallelic gene conversion. [8] [9] [10] It is worth noting that DYF387S1 is located in the P1 palindrome of the Y-chromosome. In general, DYF387S1 is a duplicated marker and usually has two alleles (DYF387S1a/b) in males. However, only one allele was observed at the DYF387S1 locus in our first father-son pair. This phenomenon can be explained as a deletion of one allele or two alleles of the same size. Y-chromosome palindromes are known to consist of highly symmetrical inverted repeats. [10] The abundant gene conversion between palindromes can cause recombinant loss of heterozygosity (recLOH) (https:// isogg.org/wiki/RecLOH). Therefore, it is more likely that DYF387S1 carries two alleles with the same number of repeats (55-55 alleles).
The migration of STR alleles to larger neighboring locus size ranges has previously been revealed with several commercial multiplex autosomal STR kits [3, 5, 6, 11, 12] but has been observed very rarely with Y-STR kits. In previously analyzed samples of 1160 father-son pairs, alleles outside the allelic ladder range were not found at any of the 42 Y-STR loci. [13] Therefore, the frequency of a long allele occurring at the Y-STR loci is <1/580. In our two father-son pairs, both alleles at DYF387S1 and DYS447 shifted into the larger allelic size ranges of DYS533 and DYS19, respectively [ Figures 1 and 2] . These ambiguous alleles can cause confusion when attempting to interpret data. Since mutations and deletions of primer binding sites or target regions have been documented, null alleles have been found at Y-STR loci. [14, 15] In this way, the absence of allele peaks at a locus allelic range may be mistyped as a null allele. In contrast, the overlapping mobilities can display double peaks at a locus size range that could potentially be misinterpreted as duplicated alleles due to the high frequency of gene conversion. [16, 17] In our case, it is noteworthy that both sons inherited their abnormal Y-STR haplotypes from their fathers [ Figures S2 and S3 ]. Therefore, the finding that the overlapping alleles migrated to the expected size ranges of the neighboring markers strengthened the evidence that the two Y-STR haplotypes had originated from the same paternal lineage.
conclusIon
We have observed two extremely long alleles at DYF387S1 and DYS447. The ambiguous alleles migrated into the adjacent locus allelic ladder range when using multiplex Y-STR PCR kits. With an increasing number of loci being added to multiplex kits, similar phenomena should be observed more frequently, which can potentially impact on the interpretation of Y-STR profiles. Hence, re-amplification employing the same kit, additional amplification using alternative multiplex kits with different adjoining markers, or additional singleplex PCR amplification will be required to avoid incorrectly assigning the alleles falling outside the ladder range. 
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